Mutations at the TOUSLED (TSL) protein kinase locus in Arabidopsis cause reduced differentiation of apical gynoecial tissues and eliminate the fusion of the style and septum. TSL expression becomes confined to the developing style by stage 13, where it may promote expansion of tissues. Double mutant analysis suggests that E77IN interacts with TSL, possibly by restricting TSL expression to apical regions. TSL, LEUNIG, and PERIANTHIA appear to participate in pathways of redundant function during the development of specific gynoecial tissues. TSL and LEUNlG most likely function in similar pathways during ovule development. TSL acts independently of the function of the organ identity genes AGA-MOUS and APETALA2, and it is required for the formation of specific tissues in ectopic carpels. Mutations in TSL, ETTIN, PERIANTHIA, and LEUNIG all affect floral organ number as well as gynoecium morphology. Their respective wild-type loci must therefore play important roles in early floral meristem development during initiation of organ primordia in addition to their functions during regional differentiation within developing gynoecial primordia.
INTRODUCTION
Flowers are an arrangement of organs that form sequentially off of the flanks of the floral meristem. The mechanisms controlling pattern formation and morphogenesis within each type of developing floral organ are not well understood. The regulation of cell division and differentiation patterns must be coordinated for proper development of each type of floral organ primordium. Mutations in a number of genes in Arabidopsis give rise to phenotypes that affect both the number of organs produced and the morphology of floral organs. This suggests that the corresponding wild-type gene products participate in events contributing both to initiation of organ primordia from the floral meristem as well as to pattern formation within an organ. These processes most likely occur early during meristem development, and regional specification within an organ may or may not be independent of pathways specifying organ position.
Organ identity genes are global regulators that confer specification of organ type upon a developing primordium, and many of these homeotic genes in both Arabidopsis and Antirrhinum have been shown to encode putative transcription factors of the MADS box family (reviewed in Weigel and Meyerowitz, 1994) . These genes are expressed early in floral meristem development in a subset of organ primordia and are expressed in most cells of the incipient primordium (reviewed in Weigel and Meyerowitz, 1994) . In some cases, expression becomes progressively restricted to specific cell types in the maturing organ (Bowman et al., 1991a) . MutaTo whom correspondence should be addressed. E-mail zambryskQ mendel.berkeley.edu; fax 51 0-642-4995.
tions in these genes not only cause homeotic transformation of organ types but often affect floral organ number (Bowman et al., 1989) . Although our understanding of the molecular genetics governing floral meristem and organ identity has increased dramatically in the last few years (reviewed in Clark and Meyerowitz, 1994; Ma, 1994; Okada and Shimura, 1994; Weigel and Meyerowitz, 1994; Weigel, 1995) , the mechanisms involved in specifying regional differentiation within individual floral organ types are less well understood. The gynoecium, for example, is composed of three regions at maturity: the stigma, style, and ovary. Each region contains unique cell types arranged in a characteristic architecture, and vascular bundles traverse the organ in a conserved pattern (reviewed in Gasser and Robinson-Beers, 1993 ; described for Arabidopsis by Hill and Lord, 1989; Smyth et al., 1990; Sessions and Zambryski, 1995) . In analyzing mutations affecting floral morphology, we have begun to focus on characterizing the gynoecium in mutant flowers in an effort to understand patterning events occuring during the formation of this organ (Sessions and Zambryski, 1995) .
The TOUSLED (TSL) gene encodes a nuclear serinehhreonine protein kinase (Roe et al., 1993 (Roe et al., , 1997 . Mutations in the TSL gene cause a stochastic decrease in the number of sepal, petal, and stamen primordia that are initiated in floral meristems and variable alterations in the morphology of individual organs (Roe et al., 1993) . The gynoecia in tsl mutants are always split and lack a closed style. In this study, we explore the role of TSL in the development of tissues within the gynoecial primordium and show that it is important for apical tissue formation. Double mutant analysis with mutations in the homeotic genes AGAMOUS (AG) and APETALA2 ( A f 2 ) suggests that TSL acts in a pathway that is independent of those in which these two organ identity genes function and that TSL functions during the formation of specific tissues in misplaced carpelloid organs. Mutations in the LEUNlG (LUG) (Komaki et al., 1988; Liu and Meyerowitz, 1995) , ETTlN (€TT) (Sessions and Zambryski, 1995) , and PERlANTHlA (PAN) (Running and Meyerowitz, 1995) genes also cause abnormal gynoecium phenotypes and floral organ number. The phenotypes of double mutants with tsl suggest that the pathways in which these genes operate interact in complex ways during both the patterning of organ primordia initiation and gynoecium development. TSL expression was followed by in situ hybridization and a TSL::uidA reporter gene. In the developing gynoecium, P-glucuronidase (GUS) expression was initially observed in the apical half of the primordium and later became restricted to the style by stage 13. A comparison of the pattern of TSL::GUS expression in wild-type and mutant flowers suggests that ETT may play a role in the confinement of TSL expression to the developing style.
R ESULTS Abnormal Development of the Gynoecium in tsl Floral Meristems

Carpel Number
Previously, we showed that recessive mutations at the TSL locus in Arabidopsis cause a stochastic decrease in the number of sepal, petal, and stamen primordia initiated from the floral meristem (Roe et al., 1993) . To determine the effect of tsl on organ number in the fourth whorl, we counted the number of carpels per gynoecium in tsl-7 and tsl-2 flowers.
As shown in Table 1 , the number of carpels per gynoecium in tsl flowers varies between one and four, although a high percentage of tsl flowers have bicarpellate gynoecia, as is seen in the wild type. Thus, the tsl mutation has a stochastic effect on carpel number, resulting in absence as well as addition of carpel primordia. This is in contrast to its effect on the perianth organs and the stamens, in which organ number is decreased.
Gynoecium Development and Morphology
The wild-type bicarpellate gynoecium consists of three distinguishable regions at anthesis: the stigma, the fused style, and the ovary (Figures 1A and 1B; Smyth et al., 1990; Sessions and Zambtyski, 1995) . The gynoecia of mature tsl flowers are sterile, partially unfused, and lack a complete style and stigmatic surface, as shown by scanning electron microscopy in Figures 1 C and 1 D. tsl gynoecia contain fairly normal-sized valve (ovary wall) regions in the ovary. The organ is open at the apical end and often is partially split along the medial sides ( Figure 1C) . A closed style is never formed, and the margins of the unfused regions are jagged ( Figure  1C ). The apical regions of tsl gynoecia do form stigmatic papillar cells (Figures 1 C and 1 D) as in the wild type ( Figures  1A and lB) , although they are present in reduced and variably sized patches at the apical edges of the carpels. Style epidermal cells, with their characteristic striated cuticle, are found on the apical margins of the ovary (Figure 1 D) , unlike the wild type (Figure 1 B) , in which the most apical cells become stigmatic papillae. Furthermore, style epidermal cells are found incorrectly positioned on the apical adaxial (inner) surface of the gynoecium (Figure 1 E) . Thus, the ability of cells to differentiate into stylar epidermal cells or stigmatic papillae is not lost, but the area in which these cell types are present is reduced.
To analyze the effect of the tsl mutation on gynoecium development, we performed scanning electron microscopy with tsl floral meristems. In a wild-type floral meristem, the gynoecial primordium develops from the center of the floral meristem as a slotted cylinder of two congenitally fused carpel primordia at stage 6 (Smyth et al., 1990) . The next event is the development of placental ridges off of the inner medial surface, as seen in a stage 9 wild-type floral meristem ( Previously, we showed that at late stage 7, tsl gynoecial primordia appear to be different than those of the wild type and initiate from the central mound as two partially unfused primordia (Roe et al., 1993) . We followed the development of A ridge of bulbous cells, most likely transmitting tract cells (see below), can be found on the inner medial surface below patches of stigmatic papillae ( Figure 1N ). The tsl-2 mutant shows similar defects in gynoecium development ( Figure  10 ). Ovules do form off the submarginal placental areas in tsl gynoecia, but these ovules show a mutant phenotype in which the inner integument extends past the outer integument (Figure lQ), unlike that which occurs in the wild type (Figure 1 P) . The length of the protruding inner integument is variable among tsl ovules, as is the extent of development of the outer integument, and occasionally a large flattened structure is present (data not shown).
Decreased Expression of Tissue-Specific Markers Confirm the lnfluence of TSL in Development of Apical Tissues
The scanning electron microscopy analysis described above suggests that apical tissues fail to form properly in tsl gynoecia. Three tissue-specific reporter genes were used to conf i m and extend these results. The first of these marker genes, SLG::GUS, contains the promoter region of the S locus glycoprotein (SLG) gene from Brassica oleracea fused to the reporter gene, uidA, encoding GUS. Staining for GUS activity in flowers of plants carrying SLG::GUS shows that GUS expression in the gynoecium is limited to stigmatic papillar cells and thus is a marker for this cell type (Toriyama et al., 1991 ; Figure 2A ). The SLG::GUS marker gene was introduced into a tsl-1 background, and tsl flowers were stained for GUS activity. The expression of SLG::GUS in tsl flowers showed that stigmatic papillar cells expressing the marker gene are present ( Figure 2D ), albeit in reduced numbers compared with the wild type ( Figure 2A ).
The marker gene ASA7::GUS carries the promoter for the anthranilate synthase 1 (ASA7) gene fused to the uidA gene, and it is expressed in inner style tissues in pollinated wildtype gynoecia (Niyogi, 1993; Sessions and Zambryski, 1995;  Figure 2B ). When present in tsl-2 plants, ASA7::GUS can be induced by application of wild-type pollen, and its expression in the apical areas of the split tsl gynoecia ( Figure 2E ) is reduced when compared with that of the wild type ( Figure   26 ). Staining of sections of the apical regions of tsl gynoecia with alcian blue, a transmitting-tract tissue-specific stain, also showed the diminished presence of inner style transmitting-tract tissue in the unfused fsl style (data not shown).
A third marker gene is carried by a gene trap line, GT142, that shows expression of the reporter gene in a band of cells surrounding each valve region in the ovaty (Sundaresan et al., 1995;  Figure 2C ). In gynoecia of tsl-2 flowers carrying this reporter gene, this band of cells does not always completely encircle a valve domain, and stained cells can be missing from the apical and upper lateral regions of a valve ( Figure 2F) . Thus, the apical tissues, including stigmatic, stylar, and upper ovary cells, are reduced in tsl gynoecia.
Septal Fusion Does Not Occur in tsl Mutants
We also compared the anatomy of wild-type ( Figure 2G ) and tsl-7 ( Figure 2H ) ovaries in toluidine blue-stained sections. In the wild-type gynoecium, the septum is formed by the postgenital fusion of the epidermal surFaces of the two placental ridges ( Figure 2G , arrowhead), 'which each arise from the congenitally fused margins of the two carpels. The septum develops into the continuation of the transmitting tract for pollen tubes below the style. Septa in tsl gynoecia are not fused along the length of the ovary, although placental ridges do develop from the fused margins of the carpels in tsl gynoecia ( Figure 2H ). Placentae do not always form along the unfused regions of the carpel margins ( Figure 2H , arrowhead). Pockets of transmitting-tract cells stained by alcian blue are sometimes present in tsl placentae (data not shown), similar to a wild-type septum. All of the recognizable cell layers of the ovary wall are formed in tsl-1 gynoecia. A wildtype ovule ( Figure 2G ) and a tsl ovule ( Figure 2H ) can be seen in cross-section, showing that the tsl defect (as seen in Figure 1 Q) results in the protrusion of the inner integument.
Thus, both the style and septum remain unfused in tsl gynoecia, and placentae appear abnormal in some areas.
Stylar and Stigmatic Tissues Are Reduced in Outer Whorl Carpels of tsl ap2 Flowers
In severa1 homeotic mutants, carpels are formed in outer whorls because of transformation of the organs normally present. For example, strong ap2 mutations cause the homeotic transformation of sepals to carpelloid organs (Kunst et al., 1989; Bowman et al., 1991b) . To determine whether the effect of the tsl mutation on stylar and stigmatic tissue described above is specific to fourth-whorl carpels only, we generated double mutants of tsl-7 and two ap2 mutations, ap2-2 and ap2-7 7. For comparison, a wild-type Arabidopsis flower containing four sepals, four petals, six stamens, and a bicarpellate gynoecium is shown in Figure 3A . A tsl-7 flower is shown in Figure 38 . In the ap2-7 7 mutant, the medial sepals are converted to carpelloid organs, and the lateral sepals are missing or are converted to bracts ( Figure 3C ). This phenotype is very similar to that of the ap2-2 mutant (Bowman et al., 1991b) . In plants doubly mutant for fsl-7 and either allele of ap2 (only those with ap2-77 are shown), a nove1 phenotype is observed ( Figures 3D and 3E ). The flowers consist of three or four carpelloid organs with similar morphology. These organs are formed in both outer and inner whorls, and several can be fused along their margins to form a tubelike structure (data not shown). The outer whorl carpelloid organs of ap2 flowers are composed of ovary wall tissue, with stylar and stigmatic tissue elaborated along the margins ( Figure 3F ), as well as placental tissue that gives rise to ovules on the adaxia1 submargins ( Figure 3C ). The outer whorl carpelloid organs of the tsl ap2 double mutants have an ovary wall-like epidermis, but the margins of these carpels are jagged and show dramatically reduced areas of both stylar and stigmatic tissue ( Figures 3D, 3E , and 3G). This double mutant phenotype appears to be an additive combination of the two parenta1 phenotypes. The altered morphology of the outer whorl carpelloid organs presumably is dueto the lack of TSL function, which causes the reduction of stylar and stigmatic tissue and the jagged margins. Thus, TSL function is required for style and stigma development independent of whorl number or position.
TSL Does Not lnteract Genetically with the Carpel Specification Gene AG
The organ identity gene AG is a major regulator that specifies the fate of the developing stamen and gynoecium primordia and is expressed very early throughout these primordia (Bowman et al., 1989; Yanofsky et al., 1990) . To determine whether TSL and AG interact during wild-type development, we constructed double mutants of fsl-7 and both a strong and weak allele of ag. Strong ag mutations cause the replacement of the six stamens with petals, and the gynoecium is converted to a reiterating series of flowers consisting of only sepals and petals (Bowman et al., 1989; Yanofsky et al., 1990 ; Figure 4A ). As in the ag-7 parent, only sepals and petals are present in fsl-7 ag-1 flowers ( Figures   4B and 4C ), and internodes separate reiterating "flowers" ( Figure 4C ). However, as shown in Table 2 , fewer organs are . present in the first three whorls than in ag-7 flowers, and the organs are sometimes filamentous ( Figure 4C ), as in tsl flowers. The number of organs formed in the first three whorls is similar to that found in fsl-7 flowers (Table 2) , and petals are missing from both the second-and third-whorl regions of the tsl-7 ag-7 mutant flowers ( Figure 4C ). Double mutants were also constructed with a weak allele of ag (ag-5) . This allele retains partia1 AG function, and petaloid stamens and carpelloid sepals are formed in the third and fourth whorls, respectively (Figures 4D and 4E) . These organs are formed rnostly of sepal cell types, with only the margins transformed to carpel cell types ( Figures Both of these tsl ag double mutant phenotypes appear to be additive, suggesting that the wild-type genes function independently during floral development. The effect of tsl on organ number and shape is maintained in the double mutants, as is the loss of apical carpel cell types in the tsl-7 ag-5 carpels. These additive fsl ag phenotypes further suggest that misexpression of AG is not responsible for the loss of petal primorida in tsl flowers. This is in contrast to the ap2 (Bowman et al., 1991b; Drews et al., 1991; Mizukami and Ma, 1992) and lug (Liu and Meyerowitz, 1995) phenotypes, which are in part caused by ectopic expression of AG.
(A) to (E) Scanning electron microscopy of mature gynoecia. (A) shows a stage 13 wild-type (ecotype Wassilewskija) gynoecium that contains three major regions: the stigma (sg), the style (st), and the ovaty (ov). The style is shown in close-up in (B). Note the stylar (st) epidermal cek. Because tsl flowers are sterile, they do not show further development of the gynoecium after anthesis, as occurs in the wild type, in which silique maturation occurs after fertilization. Shown are a mature tsl-7 (C) gynoecium, a close-up of the apical region of a tsl-7 gynoecium (D), and the apical adaxial (inner) face of a tsl-7 gynoecium (E). In (A) to (E) Scanning electron microscopy of wild-type (A), fs/-) (B), ap2-11 (C), and tsl-1 ap2-n ([D] and [E]) flowers. In (C), the gynoecium is split, which does not always occur (data not shown). Note the presence of trichomes on the carpelloid organs in (C) to (E). Bractlike organs are occasionally observed in both ap2-11 and tsl-1 ap2-11 flowers ([C]; data not shown). (F) and (G) Close-ups are shown of scanning electron microscopy of the margins of the outer whorl carpels of ap2-11 and fs/-1 ap2-11 flowers, respectively. Bars in (A) to (E) = 300 (xm; bars in (F) and (G) = 25 (im.
fs/ lug Flowers Form Reduced Gynoecia
The above-mentioned results suggest that TSL acts independently of the two organ identity genes AG and AP2. Other mutations have been described that share characteristics with the fs/ phenotype and may identify genes that act in a common developmental pathway. For example, mutations in the LUG gene have multiple effects on floral morphology, including narrow petals, reduced organ numbers in later flowers, and mosaic organs in the three outer whorls ( Komaki et al., 1988; Liu and Meyerowitz, 1995) . The lug gynoecium has a phenotype that is superficially similar to that of tsl; the carpels are unfused at their apical ends, and the ovary lacks a fused septum. Two lug alleles were used in this study: lug-70 ( Figures 5A and 5C ), a weak mutation (Komaki et al., 1988; Liu and Meyerowitz, 1995) , and lug-77 (Figure 56) , a stronger mutation (see Methods).
Double mutants of tsl-7 and lug-70 ( Figures 5D and 5G ), tsl-2 and lug-70 ( Figures 5E and 5H) , and tsl-7 and lug-77 (Figures 5F and 51) display a more severe effect on floral morphology than does either parenta1 phenotype. tsl-7 lug-70 flowers have fewer organs than does either mutant alone (Table 2 ). The gynoecium is reduced to a single carpel in 82% (n = 34) of the double mutant flowers ( Figure 5D ), whereas only 7% are unicarpellate in lug-70 flowers (n = 43), and 13% are unicarpellate in tsl-7 flowers (Table 1 ). The single carpels are often fused in a conduplicate fashion, and two prominent extensions of tissue are formed that occasionally bear stigmatic papillae. These long projections lack a placenta, and the placentae along the fused carpel margin below are reduced compared with either parent. A similar phenotype is observed in the tsl-7 lug-77 double mutants ( Figures 5F and 51) , even though the two lug alleles differ in severity. The tsl-2 lug-70 flowers form bicarpellate gynoecia that are split and display long unfused extensions lacking stigmatic tissue ( Figures 5E and 5H ). 60th alleles of lug cause a mutant ovule phenotype similar to that seen in tsl with a protruding inner integument ( Figure 5J ; data not shown). The ovules in the tsllug double mutants also show a similar phenotype (Figures 5K and 5L) . Thus, some aspects of the lug phenotype appear to be epistatic to tsl, such as peta1 shape (data not shown) and hornlike extensions in the gynoecia. Others, such as the decrease in carpel number and placenta formation, appear to be enhanced in the double mutant, whereas the ovule phenotype is similar to either mutation alone. TSL and LUG may therefore function in pathways that overlap at different times during flower and ovule development.
TSL lnteracts with ETT during Gynoecium Development
The ett mutation causes a basalized inversion of apical cell types in the gynoecium, leading to a loss of ovary wall and a concomitant expansion of stylar, stigmatic, and transmittingtract tissues (Sessions and Zambryski, 1995) . In addition, the number of perianth organs is increased in ett flowers, and stamen number is reduced. To determine whether TSL plays a role in the formation of the mispositioned cells in ett gynoecia and whether these genes interact during wild-type flower development, we constructed double mutants between the tsl-7 or tsl-2 alleles and either the ett-7 (strong; tissue in the gynoecium, and stylar and transmitting-tract tissues appear down the abaxial faces of the organ (Sessions and Zambryski, 1995 ; Figure 6A ). Flowers of the tsl-7 ett-7 combination ( Figure 6C ) have slightly fewer organs than do flowers on either the tsl-7 or ett-7 plants segregating in the F, population ( Table 2 ). The strongest effect in the tsl-7 ett-7 flowers was on the gynoecium, which consists of only a small mound of ovule-bearing tissue developing in the center of the flower ( Figure 6D ), lacking any apparent ovary wall tissue, and only occasionally forming small patches of stigmatic tissue. In earlier stages of development, this structure is formed from two laminar primordia, which develop ovule primordia along their margins ( Figure 6E) . A similar effect on the gynoecium is found in tsl-2 ett-7 flowers (Figures 6F to 6H), although the structure elaborates more ovules and stigmatic papillae. The ovules in these double mutants have a variable phenotype, most likely due to the effect of the tsl mutation in combination with that of the ett mutation on ovule morphology, which is not fully characterized (Sessions and Zambryski, 1995) . The weak ett-2 allele has minimal effects on gynoecium development (Sessions and Zambryski, 1995;  Figure 6B ). Almost the entire ovary forms, and regions of abnormal tissue form only as medial outgrowths (Figure 6B , arrowhead; Sessions and Zambryski, 1995) . The double mutants tsl-7 ett-2 (Figures 61, 6J , and 6L) and tsl-2 ett-2 ( Figure 6K ) show a phenotype similar to double mutants with the strong ett-7 allele. The average number of organs formed is similar to that in tsl flowers (Table 2 ). Like those with the ett-7 allele, these double mutants have gynoecia that consist of an open structure displaying naked ovules. There are only occasionally small areas of ovary wail tissue formed off the side of these placental mounds ( Figure 6J ). The near absence of ovary wall tissue in these double mutant combinations with the weak ett-2 allele appears to be an enhancement of the ett phenotype by the tsl mutation, suggesting that TSL and ETT interact during valve formation in the wild-type ovary. In summary, the fourth-whorl organs in these four ett tsl double mutants lack most of the tissues found in a normal gynoecium but retain the ability to form a placental structure. Loss of valve tissue can be attributed to the lack of both ETTand TSL function, and the loss of the mispositioned stylarkransmitting-tract ett cells confirms that TSL likely plays a specific role in formation of these cell types in the wild type. Figure 7C, left) . Thus, the pan phenotype shares some features with both the tsl and ett phenotypes. To test whether PAN, like ETT, interacts with TSL, we made double mutants of tsl-7 and pan-2. The phenotype of tsl-7 pan-2 flowers is novel, and both the outer whorls and the gynoecium are affected (Figures 7D to 7F) . A very similar phenotype was observed in tsl-7 pan-l double mutants (data not shown). Filamentous and/or mosaic organs can be found in the second and third whorl (e.g., see Figure 7D ). The number of organs in the first three whorls is reduced below the average number found in tsl flowers (Table 2). The gynoecium is composed of two or three serrated carpelloid organs that are completely unfused and are splayed out ( Figures 7D and 7E ). These organs develop separately ( Figure 7F ) and eventually bend away from the center of the flower ( Figure 7E ). The stylar, stigmatic, and placental tissues are highly reduced, and only a few ovules develop submarginally near the base ( Figure 7F ). This synergistic double mutant phenotype implies that TSL and PAN act in pathways that are redundant at some stages during both organ primordia initiation and gynoecium development.
v, valve (ovary wall). (C) to (L) Scanning electron microscopy of flowers of double mutants of tsl-1 ett-1 ([C] to [E]), tsl-2 ett-1 ([F] to [H]), tsl-1 ett-2 ([I], [J], and [L]), and tsl-2 ett-2 (K). Stigmatic papillar cells can be seen on protruding tissues in the examples shown in (G), (I)
,
Expression of TSL during Flower Development in the Wild Type and Mutants
To determine when and where TSL is expressed during flower development, we introduced the reporter gene uidA driven by a 3.5-kb promoter fragment from the TSL gene into wild-type plants. Flowers from the transgenic plants were stained for GUS activity and were found to express the TSL::GUS reporter gene in several tissues. The expression pattern is consistent between independent transgenic lines (data not shown). Expression in early buds is prominent in the sepals (Figure 8A) , and staining is strongest in the vasculature. Stamens in mature flowers show expression within the filament, possibly associated with the vasculature, and weak staining was observed in petal vasculature as well. The gynoecial primordium does not show clear GUS staining until late stage 10. At this stage, expression is detected in the apical half of the primordium ( Figure 8B ). TSL::GUS expression then becomes stronger and restricted to the style by stage 13 ( Figure 8C ). This stylar expression is not dependent on pollination, because flowers emasculated at stage 9 or 10 and stained at later times showed an identical pattern (data not shown). Later in development, weak staining is again observed within the valve regions of the ovary (data not shown). Stylar expression in the gynoecium is observed in in situ hybridization experiments using the TSL cDNA on tissue sections of wild-type flowers ( Figure 8D) ; earlier TSL expression is not reproducibly detectable by in situ hybridization.
To determine whether TSL::GUS expression patterns are altered in mutants affected in gynoecium morphology, we crossed the TSL::GUS reporter gene into the mutant lines and stained flowers of the mutants in the resulting F 2 populations for GUS activity. The outer whorl carpels of ap2 flowers display a pattern of TSL::GUS expression similar to that B V, of wild-type gynoecia and show strong GUS staining in the apical stylar-like regions ( Figure 8E ). pan-2 gynoecia show a wild-type pattern of GUS staining in the style ( Figure 8F ).
TSL::GUS expression in lug-70 flowers ( Figure 8G ) is altered only slightly when compared with that of the wild type. lug sepals show reduced expression, most likely because of their altered vasculature patterns (data not shown). lug gynoecia show strong expression in their apical regions by maturity. Expression of TSL::GUS is seen not only in the protrusions bearing stigmatic papillae but also in the horns composed mostly of ovary wall tissue ( Figure 8G) . ag-5 carpelloid sepals show a mixed expression pattern ( Figure 8H) , with the apical stylar/stigmatic regions staining more strongly than the sepaloid regions. At stage 11, the pattern of TSL::GUS expression in ett-1 (Figure 81 ) and ett-2 ( Figure  8K ) resembles that of the wild type (Figure 88 ). By stage 13, however, ett gynoecia show a basalized TSL::GUS expression pattern in both ett-7 ( Figure 8J ) and ett-2 ( Figure 8L ) gynoecia. This expression pattern not only appears to be associated with the abnormal misplaced stylar tissue in ett-7 but also with the valve regions in ett-2 ovaries.
e DISCUSSION
Mutations at the TSL locus cause multiple effects on flower development, including alterations in organ number and morphology. That the locus encodes a protein kinase (Roe et al., 1993 (Roe et al., , 1997 suggests that TSL may function in a set of regulatory pathways activated at different times during development. As such, JSL may participate in a complex web of interactions with other genes involved in both leaf and flower development. In this study, we focus on the effect of tsl on development of specific tissues in the gynoecium and compare these results with other mutations that, like tsl, have effects on both gynoecium morphology and floral organ number.
Control of Organ Number and Position
All of the mutations analyzed affect floral organ number in addition to their effects on gynoecium development. Although tsl and lug cause a reduction in perianth organ number, ett and pan increase the number of sepals and petals. Double mutants with tsl showed a reduction in organ number below that of tsl alone. The alterations in carpel number seen in tsl, lug, and pan appear to be independent of their effects on gynoecium morphology and are more likely due to their effects on positioning of organ primordia. €TT, PAN, LUG, and TSL may act vety early in key processes that influente pattern formation in the floral meristem and then later play distinct roles during gynoecium development. Possibly, their early combined function is to establish and maintain the opposite whorled pattern of initiation of organ primordia in the floral meristem. Two of the three CLAVATA loci, CLV7 and CLV3, have been shown to restrict meristem size (Clark et al., 1993 (Clark et al., , 1995 , and mutations in these genes cause an increase in the number of floral organs because of a larger meristem. These loci have been shown to act independently of PAN (Running and Meyerowitz, 1996) , and double mutants with tsl and a mutation in each of the CLVloci show an additive phenotype with an intermediate average number of organs (J.L. Roe, unpublished data), suggesting that TSL does not interact with these genes either. Because a general increase in meristem size allows more organs to be formed in the absence of TSL function but does not restore correct organ patterning completely, the role of TSL may be to promote specific cell divisions within the meristem rather than to promote general proliferative events.
lncomplete Development of Apical and Interna1 Tissues in tsl Gynoecia
Although the walls of the ovary develop fairly normally, gynoecia in tsl flowers show reduced development of stylar and stigmatic tissues and lack a fused style and septum. The partia1 splitting and irregular serrations of mature tsl gynoecia most likely result from the uncoordinated and irregular growth of the apical margins of developing gynoecial primordia. TSL may function during wild-type gynoecium development by promoting cell divisions during style formation and during expansion along the carpel margins. The lack of development of a closed style and stigmatic mound in tsl flowers does not appear to be due to the inability of cells to differentiate into the correct tissue type, because stigmatic papillae and stylar epidermal cells are found along the apical margins of tsl gynoecia. Furthermore, cells expressing either a stigmatic (SLG::GUS) or subepidermal style (ASA 7::GUS)-specific reporter gene are present, although their numbers are reduced compared with the wild type. Stylar epidermal cells are found mispositioned on the adaxial surface of the gynoecium, possibly because of the abnormal growth patterns of the organ. Transmitting-tract tissue does differentiate to a limited extent within the unfused apical and septal areas in the ovary. tsl gynoecia also show patches of cells missing from the valve margins, as marked by the reporter gene from the gene trap insertion line GT142.
When the apical tissues of the gynoecium are specified is not known, but studies with ett mutations suggest that gynoecium developmental patterns are established very early (Sessions and Zambryski, 1995) . The diminished areas of apical tissue in tsl gynoecia may result from a failure in specification or a reduction in the proliferation of cells that were correctly specified as style and stigma. The marker lines used in this study do not allow us to differentiate between these possibilities because the genes are activated after the tissues are formed. TSL expression in the gynoecium, detected using in situ hybridization and a TSL promoter::GUS transgenic line, is found in the developing apical tissues. This suggests that the gene product is acting in the tissues that are reduced in tsl mutants, possibly promoting expansion of these tissues.
Whereas expression of TSL is seen in later stages of gynoecium development (stages 10 to 13) by using two methods, earlier expression is not detected at a stage when a phenotype is already apparent in tsl mutant gynoecia (stage 7). This discrepancy could be due to severa1 factors, the most likely being that the methods used are not sensitive enough to detect low expression levels of TSL at early stages or possibly that the promoter region used is lacking an enhancer element. Other explanations are possible, such as a nonautonomous influence of TSL on the developing gynoecium, but further investigation into this question is needed.
TSL Function 1s lndependent of the Organ ldentity Genes AP2 and AG and 1s Required during Development of
Misplaced Carpels
Besides the normal fourth-whorl gynoecium, carpelloid organs can be induced to form in abnormal positions in the flower by mutations in the organ identity genes (Bowman et al., 1989; Kunst et al., 1989; Jack et al., 1992; Goto and Meyerowitz, 1994; Jofuku et al., 1994) . These organs can show differences in pattern formation when compared with carpels in a normal gynoecium and can be only partially transformed. Generation of these carpelloid organs is proposed to be a consequence of ectopic or altered levels of activity of the organ identity gene AG within the developing organ (Drews et al., 1991) or to the Ioss of genes that act in concert with AG in the stamen whorl (e.g., pistillata and ap3 mutants) (reviewed in Weigel and Meyerowitz, 1994) . The outer whorl carpels in ap2 flowers display highly elaborated margins, with style and stigmatic tissue forming along the margins to the base of the organ parallel to the placenta1 tissue in the submarginal region. Thus, these organs have a basalized extension of cell types that are found only at the most apical end of carpels in a normal gynoecium.
The lack of development of marginal stylar and stigmatic tissues in the outer whorl carpels of tsl ap2 flowers is similar to the effects of the tsl mutation on gynoecium development, supporting the proposed role for TSL in proliferation of these apical margin cell types during normal fourth-whorl development. Furthermore, TSL::GUS expression in outer whorl carpels mimics that seen in normal fourth-whorl carpels. A similar effect is seen in the double mutants of tsl and the weak ag-5 allele. This double mutant shows reduced differentiation of stigmatic papillae in the transformed margins of the fourth-whorl carpelloid sepals. Again, stronger TSL::GUS expression is seen in the apical regions of ag-5 carpelloid sepals. Thus, TSL function is required during carpel development, wherever the carpel is formed. The additive tsl ag and tsl ap2 phenotypes suggest that TSL function is independent of the two organ identity genes AG and AP2.
Genetic lnteractions during Gynoecium Development
The lack of style and stigma in the tsl-7 ett-7 double mutants demonstrates the need for TSL function in the development of the mispositioned stylar and transmitting-tract cells in ett mutants. Although gynoecia in the weak ett-2 allele have a valve region similar in size to that in a wild-type gynoecium, the fourth-whorl organs in tsl ett-2 flowers contain a greatly reduced amount of, if any, valve (ovary wall) tissue. This enhancement of the weak ett-2 phenotype by tsl suggests that these two genes interact during valve formation in the developing ovary. TSL::GUS expression in both ett-7 and ett-2 mature gynoecia is basalized both in stylar and valve tissues. It is not known whether this ectopic TSL expression may cause the development of the misplaced apical tissue or whether it is a consequence of misspecification of this tissue. The latter is the most likely explanation, because tsl does not suppress the ett phenotype. The data do suggest, however, that ETT function leads to restriction of TSL expression to the style in wild-type gynoecium development.
The gynoecia of lug flowers have features similar to those of tsl flowers, such as the lack of a closed style and fused septum (Komaki et al., 1988) . The appearance of lateral hornlike projections in lug mutations is epistatic to tsl, as is peta1 shape. In contrast, in all double mutant combinations tested, the placentae appear to be significantly reduced, as is carpel number. Although it is not known which lug alleles are null alleles (the two tsl alleles appear to be null alleles; Roe et al., 1993) , these synergistic double mutant phenotypes suggest that TSL and LUG may be acting in pathways that overlap at some step during development. pan mutations show only a slight gynoecium phenotype, with partia1 septum splitting and occasional reduction in valve size. The tsl pan phenotype is also synergistic in that the gynoecium in these double mutants is fully split and lacks stigmatic tissue and only a highly reduced placenta is formed. Thus, both LUG and PAN function in pathways distinct from but redundant with TSL in promoting the development of the septum and placentae. Neither lug nor pan mutations cause a dramatic change in TSL::GUS expression in the gynoecium.
Ovule and Placenta Development
Severa1 mutations affecting floral morphology in Arabidopsis also affect ovule development. These include superman (Gaiser et al., 1995) , aintegumenta (Elliott et al., 1996; Klucher et al., 1996) , ett (Sessions and Zambryski, 1995) , and ap2 (Jofuku et al., 1994; Modrusan et al., 1994) . Here, we show that both tsl and lug exhibit similar mutant ovule phenotypes, resulting in a protruding inner integument. This phenotype is similar to shorf integumentsl (sinl) (RobinsonBeers et al., 1992) . Interestingly, sinl has recently been shown also to affect flowering time (Ray et al., 1996) , as does tsl (Roe et al., 1993) . The developmental basis of the tsl or lug phenotypes is not known, but that tsl lug double mutants also show this phenotype suggests that TSL and LUG may play similar roles during ovule development. Their function could be to restrict the growth of the inner integument or to facilitate communication between the two integuments. JSL expression was not detected in developing ovules, perhaps because of low expression levels. Alternatively, the ovule defect could be a secondary result of the abnormal gynoecium development.
The placental mounds in the tslett double mutants appear to have formed in the absence of a carpel. 60th tsl pan and tsl lug gynoecia form highly reduced placentae. The effect of these combinations of mutations on placental structure highlights questions regarding development of this tissue. Little is known, for example, about how the spacing and timing of initiation of ovule primordia are controlled. Furthermore, the relationship between the placenta and carpel has not been firmly established. Two genes recently isolated in petunia are thought to confer ovule identity upon the ovule primordia, and when they are cosuppressed, the conversion of ovules to carpelloid structures occurs (reviewed in Angenent and Colombo, 1996) , a phenomenon also observed in ap2 mutants in Arabidopsis (Modrusan et al., 1994) . Recent studies suggest that whereas the carpel is a leaf homologue, the placenta is an axillary shoot (Taylor, 1991 ; Doyle, 1994) . The genetic separation of carpel and placenta in the tsl ett double mutants would support this idea.
1s There Autonomous Development of the Different Regions of the Gynoecium? 60th single and double mutant phenotypes suggest that TSL, EJT, LUG, and PAN play critical roles during wild-type gynoecium development to achieve proper morphology. The gynoecium of double mutants of tsl and a strong allele of ett is reduced to a placental structure bearing naked ovules. This failure to form severa1 major tissues of a normal gynoecium can be interpreted as an additive effect of the loss of these two gene functions; €JT is required for valve formation in the ovary and TSL for style and stigma, and none of these tissues can develop without both functions. Taken together, the single and double mutant phenotypes may suggest that each region can develop autonomously in the gynoecial primordium. How and when these regions are specified is not known, and positional information may be distributed very early in development (R.A. Sessions, manuscript in preparation). E J J may position a boundary to allow formation of the valve regions below the apical tissues (Sessions and Zambryski, 1995) . This may lead to the restriction of TSL expression to the style later in development. It appears that both TSL and ETT somehow promote expansion of specfic tissues. That a placenta, but not other tissues, can form in the absence of these two gene products suggests that this region of the gynoecium can develop independently. Fate mapping of the gynoecial primordium might shed more light on this issue of specification and regional development.
METHODS
Plant Materials
The tsl-7 and tsl-2 (Roe et al., 1993) , ett-7 and ett-2 (Sessions and Zambryski, 1995) , ag-7 (Bowman et al., 1989) , fl-89-7 (also named lug-70; Komaki et al., 1988; Liu and Meyerowitz, 1995) , and ap2-2 (Bowman et al., 1991 b) mutations have been described previously. The ag-5 allele was provided by E. Huala (Stanford University, Palo Alto, CA; in the Arabidopsis thaliana Columbia ecotype). The ap2-17 (lhe 1241), lug-17 (lhe 4647), pan-2 (lhe 2808), and pan-7 (line 3054) alleles are from the T-DNA-mutagenized populations of K. Feldmann (University of Arizona, Tucson) and are in the Arabidopsis Wassilewskija ecotype, as are tsl-7, ett-7, and ett-2. lug-77 is male and female sterile, unlike the lug-70 mutant, and appears to be a stronger allele with respect to the gynoecium. Mosaic organs are more rare in the lug-77 mutant, however.
Marker Gene Strains and lntroduction into tsl Background
TheSLG::GUS (Toriyama et al., 1991) , theASA7::GUS (Niyogi, 1993; Sessions and Zambryski, 1995) , and the GT742 (Sundaresan et al., 1995) lines have been described previously. Drug-resistant plants were selected for from donated stocks, and F, seeds were obtained by crossing with homozygous tsl pollen. Both wild-type and tsl flowers from F2 plants were stained for GUS activity (see below).
Plasmids and Plant Transformation
pGUS-BS was created by subcloning the 2.2-kb Smal-EcoRI fragment (filled in with the Klenow fragment of DNA polymerase I) carrying the uidA gene and nos terminator from pGPTV-kan (Becker et al. 1992 ) into pBluescript SK+ (Stratagene, La Jolla, CA) at the Smal site. The TSL promoter (and partia1 5' leader) region was obtained as a 3.5-kb Accl-Bsu36I fragment from the genomic subclone pGE7 (a 7-kb EcoRl fragment subcloned into pBluescript SK+ from pHG17; Roe et al., 1993) , filled in with the Klenow fragment, and cloned into the Smal site of pGUS-BS to create pTSL-GUS. The Bsu361 site corresponds to nucleotide position 40 in the cDNA sequence (Roe et al., 1993) . The TSL::GUS cassette was subcloned as a 5.7-kb Xhol-Notl fragment into the transformation vector pHygA (a precursor plasmid to MH856 [Honma et al., 19931 carrying a gene for hygromycin resistance) to create pTSL-GUS-TF. This plasmid was electroporated into Agrobacterium tumefaciens ASE, and transformants were checked for retention. of the TSL sequences by DNA gel blot analysis. Wildtype plants were transformed by the vaccuum infiltration method (Bechtold et al. 1993) , and transformants were selected for with hygromycin (Calbiochem, La Jolla, CA). A homozygous (hygromycinresistant) line was created by selfing and was used for crossing with mutant lines. Flowers from F2 plants from these crosses were stained for GUS activity (see below).
In Situ Hybridization
Digoxigenin-labeled antisense probe was synthesized from a cDNA clone as template, according to the manufacturer's instructions (Boehringer Manheim, Indianapolis, IN). Hybridizations were performed by the method of Drews (1995) .
GUS Staining
Flowers were stained for GUS activity as described by Sessions and Zambryski (1995) . Reactions were incubated for 12 to 24 hr at 37°C in the dark, except for lines carrying SLG::GUS that were only incubated for 3 hr at room temperature. Flowers were fixed in FAA (3.7% formaldehyde, 5% glacial acetic acid, 50% ethanol), cleared in 70% ethanol, rehydrated to water, and photographed on a dissecting microscope.
Genetic Analysis
F, plants heterozygous for tsl and the other mutations described above were generated by crossing. F2 seeds were grown under longday conditions (1 6 hr of light and 8 hr of dark) at 22°C and scored for mutant phenotypes. In each case, double mutants arose in the expected ratios in the F2 generation, although tsl-7 homozygotes appeared at lower frequencies than expected for a recessive allele, most likely because of pollen competition. F , families segregating for double mutants with tsl were also analyzed from the selfed progeny of ett-2, pan-2, and lug-10 homozygotes from the respective F2 populations or in some cases from the selfed progeny of double heterozygotes. In crosses using mutations in the Landsberg erecta (er) background, the effect oferon all of the phenotypes was additive. All of the micrographs are of flowers from €13 plants.
Scanning Election Microscopy
Samples for scanning electron microscopy analysis were fixed in FAA with 1 % Triton X-100, dehydrated through a graded ethanol series, and critical point dried with liquid C02. Samples were coated with gold or gold/palladium and viewed in an ISI-DS130 microscope (International Scientific Instruments, Inc., Santa Clara, CA) with an accelerating voltage of 1 O kV.
Histochemical Analysis
lnflorescences were fixed in FAA, dehydrated through an ethanol series, and embedded in JB-4 resin (Polysciences, Inc., Warrington, PA). Sections (3 to 4 km thick) were stained with 0.1 % toluidine blue in 0.1 % sodium borate for 30 sec.
